MEASUREMENT of the extraction of substrates by the heart is the only means for obtaining information on possible alterations in cardiac metabolism in man or the intact animal; however, because of storage and interchange, arteriovenous differences reflect only balances and give little information on pathways of intermediary metabolism.' In addition, the validity of balance studies de-
pends on a steady state in which blood flow, arterial concentration, and tissue metabolism remain constant during the period of observation.2 Extraction of substrates, however, may reflect their fate in the cell, and thus can be utilized in the investigation of intermediary metabolism. It is the purpose of this report to point out that changes in the redox potential of a certain redox system in the blood perfusing the heart muscle reflect alterations within the heart muscle cell. The information obtained will be utilized in the study of conditions in which alterations in redox potential accompany clinical manifestations of the myocardial disease.
The Hydrogen Transfer System
The metabolic activities in cardiac muscle reflect the function that the heart performs.
Because of the large amount of energy required by the heart, the organization and function of myocardial metabolism are geared to the production of energy on a large scale. The energy utilized for the extrinsic work of contracting myocardium is produced by the enzymatic degradation of foodstuffs to carbon dioxide and water. The main cardiac fuels are fatty acids (67 per cent) and carbohydrates (35 per cent). 3 The degradation of carbohydrates to carbon dioxide and water is accomplished by the anaerobic and aerobic phases of metabolism.
In the first stage, glucose or glycogen is broken down anaerobically to pyruvate by a series of enzymatic reactions (Embden-Meyerhof pathway). The terminal oxidative reaction, or the aerobic phase of carbohydrate metabolism consists of the citric acid cycle, and takes place entirely within the mitochondria, where axidation of fatty acids also occurs. Oxidation of fatty acids is functionally linked to the citric acid cycle and needs DPN as hydrogen acceptor.4 The synthesis of fatty acids occurs within the cytoplasma and requires TPNH which is supplied by the pentophosphate shunt. 5 The citric acid cycle can also be considered as a second or aerobic phase of fatty acid and amino acid catabolism. In the presence of anoxia, when oxidative reactions are inhibited, glycolysis takes place and pyruvate is converted to lactate.
During the enzymatic degradation of foodstuffs, the hydrogen is transferred from the substrate to a coenzyme, in most instances, DPN.6 The reduced pyridine nucleotide, cou-G93 GA DBJARNASON ET AL. pled to other oxidation-reductionl systems, transfers the potential energy in the form of electrons to the electron tranisport chaini. When one redox system receives electronis fromi another, there being a potential differeniee betweein the two, and a facilitatiln enzyme is available to assist the tralnsfer of electrons, the electrical free eilergy per equivalent of electrons transferred is the Farradav constant mnltiplied bv the difference in redox potential.
A F F x A E If this free energy is not utilized, it is dissipated as heat. It mnay be converted to chemical energy, as in the formation of energy-rich phosphate or it may be used to perform osnotic work.
'The termin-lal traiisfer of electrons from s-ubstrates to oxygen is carried out in the mnitochondria by various dehydrogenases (somne are DPN-linked), iil conjunction with the electron transfer chain.7 Mitoehoildrial oxidation of DPNH formed in the cytoplasma is not possible because of the impermeability of the mitochondrial membranie to this coenzyme.S HI-owever, electrons can be carried from extramitochondrial DPNH to intramitochondrial electron transport chains by inidirect routes: the alphaglycerolphosphate to dihydroxyacetone phosphate, the acetoacetate to betahydroxybutyrate, and possiblv the lactate to pyruvate shuttles ( fig. 1 ) .9-1l Extranmitochondrial DPNH reduces dihydroxyacetone phosphate to alphaglyeerolphosphate, and acetoacetate to betahydroxybutyrate. Alphaglyeerolphosphate and betahydroxybutyrate are then oxidized in the mitoehondria by dehydrogenases coupled to the phosphorylating electrontransport chain ( fig. 1 ). The uniiversal element in all mitochondria is the coupling of oxidation to synthesis of ATP (oxidative phosphorylationl).
Oxidative phosphorylation muay be looked upon as a consequence of several prinicipal reactions. One reaction is the passage of eleetrons from a reduced carrier of lower redox potential to an oxidized carrier of higher positive potential. This process involves a nega-tive free-einergy change, whieh is utilized iin converting inorganic phosphate to a so-called "high-energy" orgaiiie phosphate. In a subsequent reactioin, the high-energy phosphoryl ffgroup is transferred to ADP resulting in the formation of ATP.' The importance of cell comepartments and their relationship to the pyridine nucleotide systems in the regulationi of cell metabolism has beeni pointed out by Blieher and his assoeiates.12 The cell may be subdivided into the mitochonldrial and the c ytoplasmic compartments and the nucleus. In these three eonipartments, enzymes are localized that are specific for either DPN or TPN.
The Oxidation-Reduction Potential Redox processes or "oxidation-reductioni' processes are defined in terms of electron migration; the essential characteristic of oxidative processes is the removal of electrons froiin substances being oxidized; the essential eharacteristic of reducing processes is the addition of electrons to substances being reduced. Thus, oxidation is the withdrawal, reduction is the addition of electrons. The relative tendency of two oxidationi-reduction systems to act either as an electron donor in a reduction or as an electroln acceptor in an oxidation depends upon their relative ability to release or accept electrons. The affinity to electrons can be given a definite numerical value, called the oxidation-reduction potential (redox potential). If a solution contains a mixture of the oxidized and the reduced forms, the reactions in the reversible oxidation-reduction systems can be expressed as a potential, bv coiparing the unknowni system to that of the known potential. The known standard oxidation-reduetion system is the hydrogen half-cell, termed the hydrogen electrode. The redox potential (El,) is given by the equatioii: Where Eh is the observed differenee in potemitial (in volts), R is the gas constant (1.987 cal/mol/degree), T is the absolute teinperature, n is the valenee change, and F is the Farraday (23.068 cal per volt equivalent ); F is defined as the amount of electricity (in amperes per second) required to liberate 1-Gm. equivalent of a monovalent element in electrolysis. The logarithmic term refers to the ratio of the activities of the two components of the oxidation-reduction system. When oxidation equals reduction in a system, Eh equals Eo; thus, E,, is defined as the potential (with reference to the standard hydrogen electrode) established by an oxidation-reduction. system when the activities of the oxidized and reduced forms are equal (Eo = -204 mv at 37 C. for the lactate-pyruvate system). Eh is therefore characteristic of each oxidationreduction system and gives a measure of the relative ability of that system to accept or donate electrons in oxidation-reduction reactions. 13 Wheni the supply of oxygen to the cells is reduced to a rate insufficient for the metabolic Circulation, Volime XXVI, November 1962 nleeds, various oxidation-reduction systemis shift toward a more reduced state. Thus, as the oxygen tension falls in the cell, the redox potential (Eh) decreases. The redox status of pyridine nueleotides is a sensitive indicator of the functional state of cellular oxidation. The various oxidationl-reduction systems existing in the cell reflect the state of oxidation of DPN, and an indirect approach to the potential of the DPN-DPNH system is offered by an evaluation of the potential of those metabolic systems that are connected with the DPN system by the action of dehydrogenases.12 Metabolic systems that have been used in this conniection are the lactate-pyruvate, alpha.glycerolphosphate-dihydroxyacetone phosphate, and malate-oxalacetate systems.14 It has been shown that these systems react very fast to alterations in the metabolic conditions such as tissue isehemia, hormonial influences, and infusion of pyruvate. ' In control experiments, when oxygen is available, the redoxpotential of the coronary sinus blood is more positive than that of arterial blood and approaches that of the muscle (delta-Eh is positive). During anoxia the redox potential of the coronary vein blood is more negative than that of airterial blood (negative delta-Eh).
ently, the stability of the oxidation-reduction state in vivo is not a static one but is based on the steady state of reactions with high flow rates.14 Among these systems, the lactate-pyruvate system seems to be suitable to represent the intracellular redox status, since both substrates are highly diffusible and since the production of lactate appears to be not an intermediate but a final metabolic step. In the presence of hypoxia there is an increase of DPNH which shifts the equation: Pyruivate LDH + DPNH Iactate + DPN by mass action to the right, with production of lactate and oxidation of pyridine nucleotides. Huckabee and associates,6 have clearly demonstrated that the lactate/pyruvate system is influenced by factors other than anoxia, for example, by hyperventilation, or the infusion of pyruvate. They called the amount of lactate released as the result of anoxia alone the excess lactate. This excess lactate is caleculated from the concentration of lactate and pyruvate in arterial and venous blood. The redox potential allows a comparison between the redox status of different metabolic systems ancd cell compartments. Tn the presence of bypoxia, the hydrogen is not only transferred to the lactate-pyruvate system, but to all DPNHlinked redox systems, which will be shifted toward a more reduced state. The excess lactate represents thus only the hydrogen transferred to one redox system and does not permit quantitative estimation of hypoxia.
As mentioned above, direct determination of any of these redox systems in the heart muscle is not possible in man or the intact animal. If it could be shown that changes in the redox potential of the blood perfusing the hea-rt muscle reflect alterations within the heart muscle cell, then the myocardial extraction or release of substrates sueh as pyruvate and lactate, could furnish information on energetic conditions in the myocardium. In a recent publication fromn this laboratory, it could be shown that, as illustrated in figure 2 , the redox potential of the lactate-pyrruvate systenm in arterial and coronary vein blood bears a definite relation to that in the heart muscle.
In the control experiments, when there is suffleient supply of oxygen and therefore active respiration, the heart muscle has a miore positive redox potential than the arterial blood. During its perfusion through the coronary s-stem the redox potential of blood approaches that of the tissue (fig. 2 ). In the anoxic heart, the opposite effect is observed. The anoxic tissue releases more of the reduced substrate (lactate) and the ratio of lactate/ pyruvate in blood increases through its passage through the heart muscle. This results in a negative difference in the redox potential across the heart, the redox potential of the coronary sinus blood approaches that of cardiac tissue, and the redox potential of the eoronary sinus blood becomes more negative than that of arterial blood (fig. 2 ). 16 Thuts, the changes of the redox potential across the heart reflect the energetic conditions in the myocardium directly. When delta-Eh is positive, there is active cellular oxidation and the energy required is supplied by oxidative phosphorylation. On the other hand, when delta-Eh is negative, there is glycolysis and anaerobic phosphorylation becomes an imiportant energy source. It is therefore pos- On the basis of these findings, the changes in delta redox potential across the heart may be interpreted as follows:
1. Delta-Eh is negative, representing anoxia: this is exemplified by the changes in delta-Eh found after experimental interruption of the coronary circulation in dogs.
2. Delta-Eh is negative, representing possible uncoupling of oxidative phosphorylation: the criteria for this are (a) evidence of glycolysis in the heart muscle (-delta-Eh) in the presence of normal myocardial oxygen usage, and (b) elevation of blood inorganic phosphate.
3. Delta-En is positive, but lactate is released: this suggests the presence of a metabolic block. Clinical According to the previous discussion, significant degrees of anoxia in heart muscle can be recognized by a negative difference (delta-Eh) between the redox potential of coronary vein and arterial blood. In patients with coronary heart disease, however, (previous myocardial infaretion or electrocardiographic changes indicative of myocardial ischemia), delta-Eh was positive at rest and became even more positive on exertion. In none of these individuals was a diminution in myocardial lactate extraction encountered. A notable exception was one patient who suffered an anginal attack during exercise, accompanied by depression of the ST segment. As illustrated in figure 3, delta-Eh became negative during exertion. Gorlin17 found similar results in some patients with arteriosclerotic heart disease. A group of Scandinavian in-vestigators18 revealed that there was an increase in pulmonary arterial and pulmonary capillary pressure during acute angina, demonstrating that the metabolic changes in the heart muscle may be reflected by hemodynamic alterations. A different pattern was found in patients with arteriosclerotic heart disease who had been in congestive heart failure prior to or during this study. In these individuals coronary flow, myocardial oxygen consumption, as well as the myocardial lactate and pyruvate extraction, increased with exercise, but delta-Eh, which had been positive at rest fell during exercise ( fig. 4 ). Since inorganic phosphate in arterial blood was not increased, a disturbance in oxidative phosphorylation as the cause for the shift in delta-Eh appeared unlikely. It is therefore possible that the negative values for delta-Eh encountered during exercise in this group were the result of myocardial anoxia. The finding of negative delta-Eh during exercise in patients with coronary heart disease in failure is in agreement with the results of Huckabee Figure 4 This figure depicts aurerage results in six patients ith arterioscler-otic heart d7isease and conqgestive heart failure. The columns on the left of each groop are the ralues obtainedl at rest; the columnls at the right, the values obtained during exercise. As can be seen', the coronary blood flowv, myocardial oxygen consumption, arterial lactate, and lactate extraction increased ith exercise. However, the delta--edox potential fell.
These workers found that durinig exercise p)atients with clinical heart failure exhibited rates of anaerobic metabolism greater than those in normal subjects. This they interpreted as the result of anl inadequacy of the oxygen supply to meet tissue energy requirenenits.
Progressive Muscular Dystrophy and Thyrotoxicosis
In these diseases delta-E, is negative, glycolysis is increased, inorganic phosphate is elevated, suggesting possible uncoupling of oxidative phosphorylation. It has been shown repeatedly that aln elevated intracellular inorganic phosphate colncentration stinulates glycolysis.19 ' 20 In patients with progressive muscular dystrophy, as studied in this laboratory, the elevation in arterial inorganic phosphate was accompanied by increased invocardial extraction of glucose.2' In addition, the increase in myocardial glucose extraetion was found to be directly related to an increase in glycolysis in heart mnusele. As the myocardial glucose extraction rose, delta-El, becamDe progressively more negative.2' Increased intr acellular concentration of inorganic phos-phate with in-crease in the rate of glveolysis miiay be due either to anaerobiosis or to unicoupling of oxidative phosphorylation. In patients with progressive muscular dystrophy-.
there was increased inorganie phosphate in blood along owith aerobic glycolysis in heart nusele inl the presencee of niormual or slightlv elevated myocardial oxygen extraction.21 This combination suggests uncollpling of oxidative phosphorylation. Further evidence of this is the finiding(y of Daniowski and co-workers,23 that childreni with progressive muiiiscular dystrophy have an elevated basal imietabolic rate and protein-bound iodine. 23 In the studies previously published from this laboratory, it was found that patients with progressive muscular dystrophy also had increase in cardiac output.21 Experinmenital mluseular dystrophy in vitamin E-deflcienit animlals has also been thought to be acconmpanied bv uncoupling of oxidative phosphorylation.2' The results obtained iu patients with muscular dystrophy, therefore, suggest the presence of inhibition of oxidative phosphorylation.
Studies in this laboratorv performed on patients with thvrotoxicosis showed an increase in cardiac output and in the arterial levels of inorganic phosphate; in the majority of patienits the glucose-oxygen extraction ratio w-as less than 100 per eellt.25 Fuirthermore. in these patients during rest, there was a linear relationiship between the increase in inorganic phosphate ancd a diininntion in clelta-redox potenitial. In several of these patients, delta-E1, was negative. Figure 5 represents the findings in one of these patienits; this individual presented with congestive heart failure and atrial fibrillation, and his radioactive iodine uptake was 70 per ceiit in 24 hours. The mvocardial oxygen consuimption wvas normal.. Accordingff to the criteria forinulated above, the uncoupliing of oxidative phosphorylation may be suspected, sinee inorganic phosphate in heart muscle was elevated and delta-E,, wvas negative. This suppo)rts the in vitro studies of Mareills and Hless,2" who, uising P-39 labeled ATP, noted that the addition of thyroxini led to a progressive decline Cireulation, Volu!me XX VI, November 1962 .
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iii inicorporation of P-32 into ATP. More specific evidence for uncoupling of oxidative phosphorylation was found by Ernster, Ikkos, and Luft. These workers discussed that a deficient control of respiration by available phosphate acceptors paralleled by an increase in endogenous adenosine triphosphatase activity, constituted the primary manifestation of this disease at the mitochondrial level.
Homografted Heart
In the homografted caninie heart, transplanted to the neck of a donor animal, metabolic studies have revealed the presen-ce of aerobic glycolysis and of a metabolic block located in the citric acid cycle.28' 29 In nmany of these hearts, the respiratory quotient of the heart was elevated. The percentage myocardial oxygen extraction of glucose increased, together with the respiratory quotient of the heart; in most experiments the myocardial oxygen extraction ratio of glucose exceeded 100 per cent. The high glucose-oxygen extraction ratio could represent storage in the form of glycogen; it also could result from glycolysis or from conversion of carbohydrates to fat. The first possibility seems unlikely, since biopsy of heart muscle from the transplanted heart failed to show an increase in glycogen above control values.28 It appears possible that the increased respiratory quotient of the transplanted heart is the result of the conversion of carbohydrates to fat. The diversion toward the fatty acid cycle may have resulted from metabolic block into or within the citric acid cycle. The evidence for this conclusion is based on the effect of thiamine. When thiamine hydrochloride was given to these animals, there resulted in most instances an elevation in the respiratory quotient and a diminution in pyruvate released by the transplanted heart.28 This suggests that thiamine injection had corrected a metabolic block at the level of cocarboxylase without altering the metabolic defect within the citric acid cycle. Thus, the metabolic pathways into the tricarboxylic acid cycle remained blocked and increased shunting of substrates through Illustrates the results of metabolic studies of' arterial and coronary rein blood in a 58-year-oldI man with hyperthyroidism. The blo-od inorganic phosphate is elevated both at rest and during exercise, and the glucose-oxygen extratction ratio is less than 100 per cent in both instances. T'he delta-El is negative both at rest and during exercise. The lactate extraction increases with exercise. The presence of a negative delta redox potential suggests glycolysis. acetyl coeiuzymne A inito the fatty acid cycle resulted.
The finding of positive delta-El, in the transplanted heart suggests that the respiratory chain in the heart mnusele is intact. The transplanted heart, therefore, glycolyzes in the presenee of oxygen (aerobic glyeolysis). In contrast, delta-Eh is negative in myocardial anoxia resulting from temporary interruption. of the coronary circulation. 30 Since the glucose-oxygeln extraction ratio of the transplanted heart is over 100 per cent, and lactate is released, glycolysis is present. The experiments, therefore, demonstrate an interference in the oxidative pathways of the transplanted heart resulting from a metabolic block or bloceks, leading into or residing within the tricarboxylic acid cycle.
The metabolic changes in the transplanted hearts in which homograft rejection has been accelerated are more severe as shown by the fact that in several of these transplants, delta-Eh is negative, indicating the presence of myocardial anoxia. 28 The oxidation-reduetion potential of tissue obtained from hearts in which rejection had been accelerated showed the same trend (oxidation-reduction potential -285) ; in addition, values for ATP and ADP in the myocardium were low in these specimens. This further confirms the presence of myocardial anoxia. Glycolysis is present in several of these hearts in whieh rejection was accelerated as illustrated by the negative delta-Eh and the release of lactate and pyruvate.
The clinical and experimental findings presented here illustrate the limited value of calculations of the state of cellular oxidation in heart muscle from a comparison of the oxidation-reduction potential in arterial and coronary vein blood. This is but a step in the search for methods that permit conclusions on the iiitermediary metabolism of the heart from arteriovenous balance studies. Further efforts should be made to accomplish this goal by more specific and refined biochemical means. Studies in the incorporation of labeled precursors into substrates present in coronary vein blood may prove useful in accomplishing this goal.
